Exertional hematuria can be considered a subcategory of exercise-induced hematuria, characterized by painless appearance of erythrocytes in urine after recent physical exercise, not directly attributable to external traumatic injuries to the genitourinary system, and spontaneously resolving with rest. Although its frequency has enormous heterogeneity, depending on the athlete population, duration and intensity of exercise, technique used for identifying or quantifying hematuria and relative diagnostic thresholds, what clearly emerges from the scientific literature is that a certain degree of hematuria is commonplace after non-contact sports, especially running. This exertional hematuria, which appears self-limiting, may be attributable to some frequently concomitant causes, involving organs of the genitourinary system, and mostly encompassing bladder or urethral injuries. Renal injuries caused by internal movements, vascular spasm and ischemia are also potential causes of increased glomerular permeability to erythrocytes, whilst the presence of preexisting genitourinary diseases cannot be ruled out, especially when post-exercise hematuria is recurrent or endures. Therefore, whenever hematuria is observed in a random urine specimen, recent sports performance (especially running) should be investigated and urinalyses scheduled for the following days. When no temporal association of hematuria with exercise can be found, when genitourinary traumas have been excluded or hematuria persists for >72 h, specific diagnostic investigations should be planned to identify possible genitourinary diseases. Figure 1: Microscopic analysis of urine sediment.
Definition of hematuria
Hematuria is conventionally defined as the presence of erythrocytes in urine. According to the American Urological Association (AUA) [1] , asymptomatic microhematuria is characterized by the presence of ≥3 red blood cells (RBCs) per high powered field (HPF) in an appropriately collected (and visually normal in color) urinary sample ( Figure 1) , and in the absence of benign identifiable causes such as menstruation, infections, traumas and strenuous exercise. As recently highlighted by Linder et al. [2] , a general consensus has been reached on the definition of microhematuria among the various worldwide guidelines and recommendations (i.e. ≥3 erythrocytes per HPF), even if some disagreement remains on the number of necessary abnormal specimens (i.e. one abnormal finding in a properly collected urine specimen is sufficient for both AUA and American College of Physicians, two abnormal samples are instead necessary for the Canadian consensus document). Macroscopic hematuria (occasionally also defined as "visible", "gross" or "frank" hematuria), is instead defined as the presence of a sufficient number of RBCs in urine to generate a clearly visible red or brown discoloration ( Figure 1 ) [3] . Both the color and intensity may depend on type and amount of blood present in urine. Bright red urines would hence be suggestive for presence of fresh arterial blood, dark red urines would be suggestive for presence of venous blood, whilst dark brown is more frequent in urines containing "old" blood. Regardless of the presence of intact erythrocytes, urine may also appear red or dark in patients with rhabdomyolysis (i.e. for the presence of myoglobinuria) or intravascular hemolysis (i.e. for the presence of hemoglobinuria) [4] .
Although the currently available urine dipsticks appear to have adequate sensitivity for screening [5] , the AUA recommends that confirmation of hematuria shall always be carried out by means of microscopic examination of urinary sediment [1] . Dipsticks should hence only be used for screening, whilst the microscopic assessment is also useful for investigating urinary erythrocyte morphology [6] . A certain agreement has been reached among the different official guidelines on the most suitable technique for identifying microhematuria, inasmuch as most documents now recommend urine dipstick analysis for screening, whereas microscopic analysis of urinary sediment should always follow an abnormal dipstick finding [2] .
Epidemiology of microscopic and macroscopic hematuria
The overall prevalence of hematuria varies depending on age, gender, ethnic origin, risk factors of the population, as well as on diagnostic thresholds for RBCs in urine [1] . More than 30 years ago Mariani and colleagues studied 1346 ostensibly healthy patients undergoing routine urinalysis [7] and reported an overall prevalence of dipstickpositive hematuria of 16. 4%. An interesting analysis was also published by Froom et al. [8] , who performed a microscopic analysis of urine samples collected from 1341 male Air Force personnel. The frequency of hematuria (i.e. ≥2 RBCs per HPF) was found to be 5.4% in the entire cohort and was higher in those with a history of urethritis. In a subsequent 8-year investigation performed by Marian et al. and including 123,000 patients belonging to a health maintenance organization [9] , the overall frequency of hematuria needing urological evaluation was 0.9%. Britton and colleagues screened the urine of 578 men aged between 60 and 85 years with a dipstick once a week for 10 consecutive weeks [10] , and identified hematuria in 13.5% of patients with a single initial test. An additional 9.3% of patients displayed positive findings in the following period, thus raising the overall prevalence of hematuria to 22.8%. Woo et al. also carried out a population study based on 16,497 adult subjects who accepted to undergo both dipstick and microscopic urinalysis [11] . The overall prevalence of hematuria was 0.96% (0.73% in combination with proteinuria) and increased linearly with age of the subjects (r = 0.88; p < 0.01). In a separate study Bruyninckx et al. investigated a large Belgian database for identifying patients attending their general practitioners during a 2-year period, averaging an observational period of 83,890 patient-years [12] . The overall frequency of macroscopic hematuria was reported to be 0.5% (53% of patients with positive findings were aged 60 years or older). Topham et al. screened 3570 young adults and reported an overall prevalence of hematuria of 0.39% [13] . In a pediatric study, including 128,395 patient visits to a pediatric emergency walk-in clinic during a 24-month period, Ingelfinger and colleagues reported an overall frequency of macrohematuria of 1.3% [14] . In another study performed in a large emergency department, where clinical and laboratory findings of 141,844 emergency cases visited during a 1-year period were retrospectively reviewed [15] , gross hematuria could be detected in 95 (0.07%) visits. Talreja et al. also reviewed the clinical records of 39,994 emergency admissions to the largest tertiary referral center in Jaipur [16] , identifying 231 (0.58%) cases admitted for macrohematuria. Taken together, this data seemingly attested that albeit the frequency of asymptomatic microhematuria can be as high as 22% in the general population, macrohematuria appears a relatively uncommon condition, with a frequency comprised between 0.07 and 0.96%.
As regards the specific causes, hematuria may be due to a vast array of different causes, most of which are not immediately life-threatening. The current evidence in the general population appears sparse and rather controversial. In the seminal study of Mariani, 1000 consecutive adult patients with microscopic or macroscopic hematuria were studied by means of an excretory urogram, urine cytology, cystoscopy, retrograde pyelography, ultrasound, computerized tomography, and even arteriography, when indicated [9] . Overall, microscopic or macroscopic hematuria was diagnosed in 69.1% and 30.9% of cases, respectively. The most frequent cause of hematuria was urethritis (37.7%), followed by benign prostatic hyperplasia (14.3%), bladder cancers (6.5%), urinary tract infections (4.3%) and kidney stones (3.4%), whilst no organic causes could be found in 11.7% of cases. Khadra et al. also studied 1930 consecutive patients admitted to a hematuria clinic over a 42-month period, who were investigated with abdominal radiography, ultrasound, intravenous pyelogram and flexible cystoscopy, when indicated [17] . Microscopic or macroscopic hematuria was diagnosed in 50.9% and 49.1% of cases, respectively. Although in around 60.5% of patients no organic cause was found, the more frequent sources were urinary tract infections (13.0%), bladder cancers (11.9%), benign kidney diseases (9.8%), kidney stones (3.6%) and renal cancers (0.6%). Edwards et al. performed ultrasonography, flexible cystoscopy and urography (when indicated) in 4020 consecutive patients attending a hematuria clinic in a large academic hospital during a 5-year period [18] . Microscopic and macroscopic hematurias were diagnosed in 53.2% and 46.8% of cases, respectively. The most frequent causes of microscopic hematuria were kidney stones (7.8%), followed by bladder (3.7%), renal (1.0%) and urothelial (0.2%) cancers, whereas those of macroscopic hematuria were instead bladder cancers (16.5%), followed by kidney stones (8.8%), renal (2.0%) and urothelial (0.5%) cancers. Interestingly, no organic disease could be found in 87.2% and 72.2% of patients with microscopic and macroscopic hematuria, respectively. Jung et al. performed a specific analysis on 309,402 outpatients with at least one microscopic urinalysis available over a 2-year period and without urinary tract infections, urinary tract cancers or prior history of hematuria [19] . Overall, hematuria could be found in 50.6% of patients, whilst the incidence of urinary tract cancers was nearly 4-fold higher in patients with hematuria than those without (i.e. 0.68% vs. 0.17%; odds ratio, 3.7; 95% confidence interval [95% CI], 3.3-4.2). More recently, Loo et al. carried out a large prospective investigation including 3.2 million urinalyses performed on 1.12 million patients over a 22-month period [20] . The overall prevalence of microhematuria was extraordinarily high, approximating 41%, whilst a history of macrohematuria was reported in 19.8% of cases. The prevalence steadily increased with the age of the subjects, being nearly double in patients aged 50 years or older than in the younger ones. In the 4414 patients who were followed-up with clinical and diagnostic investigations, no organic causes could be detected in 73.5% of cases. In those with objective findings, nephrolithiasis was the most frequent cause (i.e. 16.2%), followed by benign prostatic diseases (4.0%), bladder cancers (2.4%), urinary tract infections (2.3%) and glomerular diseases (0.9%).
Regarding the perception that clinicians have for the leading causes of hematuria, an interesting study was carried out in Canada, based on dissemination of a questionnaire to registered primary care physicians [21] . The analysis of the data revealed that kidney stones were considered the most frequent causes of microscopic hematuria (24.9%), followed by bladder cancers (24.7%), urinary tract infections (24.1%), prostate cancer (15.4%) and benign prostate hyperplasia (10.9%). Notably, the final picture highlights that most clinicians do not even consider the possibility of exercise-induced or exertional hematuria.
Definition of exertional hematuria
Physical activity is conventionally defined as bodily movements generated by muscles and associated with energy expenditure, whilst physical exercise is regarded as a structured and repetitive subset of physical activity, aimed at maintaining or improving physical fitness [22] Although recent statistics emphasizes that a high proportion of European inhabitants are sedentary, over one third of them (i.e. ~40%) are engaged in some forms of endurance physical exercise [23, 24] . Most of these people practice recreational sports activities, the most frequent of which is power walking or running (27%), followed by swimming (22%), cycling (19%) and football (6%). The health benefits of physical exercise are now universally recognized, whereby an active lifestyle considerably lowers the risk of developing many severe, invalidating and even life-threatening disorders such as cardiovascular disease, diabetes, cancer and osteoporosis [25] , thus ultimately reducing the cumulative risk of death or disability [26] . Regardless of these paramount benefits, practicing sport also carries some side effects, such as sports injuries, musculoskeletal disorders and other metabolic abnormalities, mental stress, increased likelihood of using doping agents, up to the risk of sudden (cardiac and non-cardiac) death [27] .
A general definition of exercise-induced hematuria was proposed by Jones and Newhouse more than 20 years ago [28] , as microscopic or macroscopic hematuria developing after a bout of strenuous exercise, in subjects without evident kidney or urinary tract diseases, and simply resolving with rest. This definition inherently includes all cases of hematuria, also those attributable to external traumas to the genitourinary system (especially kidneys, ureters, bladder, prostate and urethra). Notably, external genitourinary traumas are relatively frequent in contact/collision sports, and can also occur as a result of accidents or falls while running or cycling, but are generally classified as sports injuries [29] . Hence, we prefer to use the definition of exertional hematuria to identify a subcategory of painless exercise-induced hematuria, characterized by a microscopic or macroscopic appearance of erythrocytes in the urine after recent physical exercise, not directly attributable to external traumatic injuries to the genitourinary system, and spontaneously resolving with rest. Importantly, exertional hematuria should not be confused with exertional rhabdomyolysis [30] and footstrike hemolysis (i.e. a paraphysiologic erythrocyte injury, mostly occurring during strenuous physical exercise) [31] , which may both be associated with frequent dipstick positivity for presence of myoglobin and/or (cell-free) hemoglobin in urine [32] , and both recognize rather different pathophysiologic pathways. Hence, microscopic analysis of the sediment will be necessary for differentiating hematuria from these two conditions, as also endorsed by the AUA [1] .
Epidemiological evidence on exertional hematuria
As for general hematuria, the epidemiological evidence on exertional hematuria is somehow contradictory, with the frequency also depending on age, gender and risk factors of the subjects studied, as well as on the diagnostic number of RBCs in the urine, type of sports, exercise intensity and duration.
The very first report of exertional hematuria has been published by Joseph H. Barach, more than a century ago [33] . The microscopic assessment of urine samples, collected from 19 runners and analyzed before and after a marathon run in Pittsburg, revealed the presence of a variable amount of RBCs in 18 cases (94.7%), with a large number of erythrocytes (i.e. gross hematuria) found in three of such urine samples (15.8%). The color of the urine varied accordingly, from normal to dark smoky amber, up to frankly bloody. Reassessment of urine samples 1 week after the marathon no longer showed traces of RBCs.
A large number of additional studies of exertional hematuria have been published after this historical report, which will be reviewed and discussed in the remaining parts of this narrative review. We will not consider hematuria consequent to sports injuries and other obvious external traumatic causes, as this is not comprised within our definition of exertional hematuria, and has been very recently reviewed elsewhere [34] .
After the original study of Joseph H. Barach [33] , more than 30 years passed before new investigations on exertional hematuria in runners were published. In 1943 Gilligan et al. studied 26 male subjects who were asked to complete a 42.1-km-long distance run [35] . Overall, 8/26 subjects (30.8%) exhibited significant hematuria (i.e. ≥3 RBCs per HPF) at the end of the marathon.
In 1958, Aleya and Parish carried out a large survey on athletes of five different sport disciplines (track, lacrosse, rowing, football and swimming) [36] , aimed at identifying the presence of urine abnormalities after training or competitions. Hematuria, defined as the presence of ≥3 RBCs per HPF, was detected in approximately 80% of track, lacrosse and swimming athletes, whilst the frequency decreased to 50-55% in the remaining two sports disciplines. Interestingly, the authors also noted that urines were often loaded with erythrocytes and casts after the 1500-m track trial, but these abnormalities usually disappeared within the following 24 h.
In 1970, Kachadorian and Johnson originally studied five healthy male subjects who were asked to exercise for 1 h on three different days at different intensities on a motor-driven treadmill (walking at 5-6 km/h, running at 8 km/h or 10.5 km/h) [37] . The number of RBCs in the urine was always 0 per min after walking for 1 h at 5-6 km/h, but increased up to 767 per min and 427 per min after running for 1 h at 8 km/h or 10.5 km/h, respectively. Even more importantly, microscopic hematuria (i.e. ≥1 RBC per min) increased from 0% after walking for 1 h at 5-6 km/h to 60% (i.e. 3/5) after running for 1 h at 8 km/h and 80% (i.e. 4/5) after running for 1 h at 10.5 km/h, respectively. In another investigation the same team of authors studied 52 male athletes who completed a 20-km cross-country run [38] , and found that the rate of microscopic hematuria (i.e. ≥1 RBCs per min) significantly increased from 10% before the run, up to 31% immediately afterwards.
Siegel et al. collected urine specimens from 50 male marathon runners before a marathon run (42.1 km), immediately after the end and 24, 48 and 72 h afterward [39] . Although the definition of hematuria was not provided in the article, the authors reported that its prevalence increased from 0/50 (0%) before the run, to 9/50 (18%) immediately afterwards. Eight of these nine samples had completely cleared after 48 h, whilst the remaining showed 1-3 RBCs per HPF up to 72 h after the run.
Boileau and colleagues collected urine samples from 383 runners who completed a 42.1-km run [40] . Overall, 64 post-run urines (16.7%) were qualitatively positive for hematuria, with a frequency in women globally similar (i.e. 20%) to that of the entire cohort. Interestingly, urine samples of 10 male runners exhibiting post-run hematuria were reassessed 1 year later, after completing another marathon, and hematuria was found again in half of these.
Fassett et al. studied 48 subjects who participated in a middle-distance run (41 subjects ran 9 km and seven subjects ran 14 km) [41] . The urinary RBC count at the end of the run was remarkably higher than it was before the run (~28 vs. ~4 × 10 6 /L; p < 0.001). In all athletes, urinary RBCs appeared dysmorphic both before and after the running challenge. The percentage of subjects with an abnormal RBC count in urine (i.e. >8 × 10 6 /L) also increased by approximately 8-fold after the run (i.e. 68.7% vs. 8.3%; p < 0.001).
Gilli et al. collected urine samples from a group of 122 male runners who were asked to engage in different running distances [42] . A first group of 49 runners completed a 13-km run, 20 subjects ran on a track for 1 h, 25 athletes run the classic marathon distance (i.e. 42.1 km), whilst 28 runners took part in a 100-km run. In 30 of these subjects, urine was collected again 6, 12, 24, 36, and 48 h after the run. In the whole cohort of athletes, hematuria was assessed with a dipstick and could be identified in 23.7% of cases, whilst the percentage of positive findings was 19.0% in runners completing the 13-km run, 37.5% in those running on a track for 1 h, 25% in those running the marathon and 28.7% in those running the 100-km distance. Notably, macroscopic hematuria was only found in six athletes (i.e. 5.8%) who ran the 100-km distance. In all the subjects with hematuria, urinalysis results normalized between 12 and 18 h after the run.
Another interesting investigation was carried out by Reid et al., who collected urine specimens from 98 male runners immediately after 21-km (n = 49) or 42.1-km (n = 49) runs [43] . Overall, hematuria was detected in as many as 21 urine samples (21.4%; 12 of these also containing dysmorphic erythrocytes), whilst gross hematuria was documented in three urine specimens (3.1%). The overall incidence of hematuria did not differ among subjects who run the 21-km or 42.1-km distance (i.e. 20.4% vs. 22.4%). Follow-up specimens collected 4-12 weeks after the run were all normal.
Alvarez and colleagues collected urine specimens from 26 ostensibly healthy runners (25 men and one woman) before, at the end of and 24 h after a competitive 100-km run [44] . Urine samples were normal (i.e. RBC count <10 × 10 3 /L) in 24/26 subjects (92.3%) at baseline. The RBC count in urine was found to be significantly increased after the run (i.e. from 3.3 ± 3.3 to 13.1 ± 12.6 × 10 3 /L; p < 0.05), but decreased to values slightly higher than the baseline 24 h afterwards (3.9 ± 3.1 × 10 3 /L). Hematuria could be detected in nine (34.6%) runners immediately at the end of the run, and in five of these subjects (19.2%) microscopic findings were consistent with macrohematuria. A certain degree of hematuria was still present after 24 h in all subjects with post-run macroscopic hematuria. No blood casts or changes suggestive for a glomerular origin could be seen with optical microscopy.
Kallmeyer and Miller studied 45 athletes (39 men and six women) who completed an ultra-long distance marathon race, covering 90 km and lasting approximately 11 h [45] . Hematuria (i.e. >10 RBC per HPF) was identified in 11 athletes (24.4%; eight men and three women) immediately after the run, with values comprised between 10 and 50 RBCs per HPF. No information was provided on the RBC count in the pre-run urine samples. The third day after the run, hematuria was still present in four subjects (8.9%), whilst it completely disappeared in all subjects on the seventh day after the run. Interestingly, eight subjects (17.8%) also displayed dipstick positivity for myoglobinuriua/hemoglobinuria. Gür et al. collected urine samples from 45 male athletes, before and immediately after a half-marathon (21.1 km) run [46] . Dipstick positivity for hematuria (i.e. ≥trace) was not observed in any urine sample before the run, but was found in 46.7% of the specimens afterwards. The likelihood of developing urine abnormalities was not significantly associated with age, running speed or background training of athletes.
McInnis et al. carried out a structured experiment involving 10 ostensibly healthy male runners, who were asked to perform four different types of exercise, as follows: 1-h treadmill run at 90% of anaerobic threshold, 1-h cycle ergometer ride at 90% of anaerobic threshold, three series of 400 m running sprints, and three series of 60-Wingate leg cycle ergometry tests [47] . Urine were also collected from 70 ostensibly healthy male runners after 5-km (n = 16), 10-km (n = 28) and 21.1-km (n = 26) outdoor running trials. Hematuria was defined in the presence of ≥3 RBCs per HPF. Rather interestingly, the frequency of hematuria was 0% in subjects undergoing the treadmill run, 100% in those undergoing running sprints, 30% in those undergoing Wingate leg cycle ergometry tests and 10% in those undergoing the cycle ergometer ride. The mean value of the RBC count increased from 0 to 6.5 ± 6.0 RBCs per HPF immediately after running sprints, and remained elevated (4.8 ± 10.9 RBCs per HPF) 1 h afterward.
As regards the outdoor running trial, hematuria was identified in 25%, 10% and 0% of the athletes who were engaged in the 5-km, 10-km and 21.1-km outdoor running trials (i.e. 14.3% overall).
Jones et al. enrolled 10 middle distance track athletes (seven men and three women), who were followed with regular dipstick urinalysis before and after their twice-weekly individualized training, for a total period of 4 weeks [48] . A total number of 71 workouts were available for analysis, 32 of which (45.1%) were positive for microscopic hematuria (≥3 RBCs per HPF), involving nine different athletes (i.e. 90%). Nine cases (12.7%) of gross hematuria (i.e. >100 RBCs per HPF) were also observed. All exertional hematuria cases resolved within 2 h from the end of workouts.
A particular investigation was carried out by Babalhavaeji et al. [49] . The authors studied 120 patients undergoing treadmill exercise testing (maximal exercise test, up to complete exhaustion), who provided urine samples before and after the test. Hematuria was defined as ≥2 RBCs per HPF. Thirteen patients were initially excluded from the study due to microscopic (n = 4) or macroscopic (n = 3) hematuria at rest, or for a diagnosis of kidney stones (n = 6). Overall, hematuria was detected in 16 of the remaining 107 patients (15.0%; 11 men and five women), with macroscopic hematuria accounting for approximately a quarter of all such cases.
Mousavi et al. enrolled 45 ostensibly healthy women with normal basal urine samples not in their menstrual cycle, and who were asked to engage in an exhaustive running session, up to maximal capacity [50] . Hematuria (≥3 RBCs per HPF) could be detected in all post-exercise samples (100%). A specific training program offered to a selected subgroup of participants was only effective to decrease the rate of post-exercise hematuria from 100% to 75% (p = 0.083).
Khodayari and Saiiari carried out a very interesting experiment, which included 26 runners divided into two groups, and who were asked to complete a speed (400 m) or an endurance (5000 m) trial [51] . Both experiments were repeated twice, with empty or not empty bladders. Urine samples were collected before and after all trials. The baseline mean urine RBC count was always 1.0 ± 0.5 RBCs per HPF and 1.0 ± 1.0 RBCs per HPF in sprint and endurance runners, respectively. After the speed trials, the RBC count was found to be substantially increased, but the difference was minimal among subjects with or without the empty bladder (3.5 ± 0.5 vs. 3.0 ± 0.5 RBCs per HPF). Unlike these findings, the RBC count was also found to be enhanced after the endurance run, but the increase was higher in subjects who ran with an empty bladder (6.0 ± 1.0 vs. 4.0 ± 1.0 RBCs per HPF). This seems very reasonable as the empty organ increases the likelihood of apposition of bladder surfaces and the ensuing risk of mechanical trauma.
Kohanpour et al. enrolled 17 physically trained young men, who were asked to engage in four sequential sessions of 30-min running at 70% of maximal heart rate, interrupted by 72-h resting, in normoxia and three hypoxia conditions (corresponding to 2750, 3250 and 3750 m above the sea level, respectively) [52] . Urine samples were obtained before, immediately and 1 h after each running trial. The RBC count in urine was 1.0 ± 0.7, 0.7 ± 0.0, 1.0 ± 0.5 and 1.0 ± 0.9 RBCs per HPF at baseline and in the three different hypoxia sessions, 1.1 ± 0.6, 1.0 ± 0.7, 1.2 ± 0.7 and 0.8 ± 0.6 RBCs per HPF immediately after the end of each session, but increased to 3.0 ± 1.7, 2.1 ± 1.3, 2.0 ± 1.2 and 2.5 ± 1.5 RBCs per HPF 1 h afterwards.
Varma et al. studied 491 male subjects, who were asked to complete a running distance of 5 km at speeds between 10.7 and 12.0 km/h [53] . A total number of 59 urine samples (12%) collected immediately after the run revealed the presence of hematuria (≥3 RBCs per HPF). The frequency of hematuria also tended to be positively associated with mean speed, inversely associated with age (younger subjects run faster), and gradually decreased over time, being present in 9.8%, 1.4% and 0.8% of subjects after 1-3, 4-7 and >7 days, respectively. Importantly, in the three subjects in whom hematuria lasted over 2 weeks, further investigations revealed the presence of primary glomerular disease (i.e. IgA nephropathy in two cases and focal segmental glomerulosclerosis in the remaining).
Chiu et al. collected urine samples from 25 male runners before and immediately after a 100-km ultramarathon [54] . Hematuria, measured with a dipstick (≥1+), was present in five (20%) and 20 (80%) runners before and after the race, respectively. Notably, the rate of gross hematuria was also higher in the post-than in the pre-run urine samples.
Kao et al. studied 26 runners (25 men and one women) who were engaged in a 100-km race [55] , and recorded a frequency of hematuria (method and RBC threshold in urine not defined) of 11.5%. Interestingly, a diagnosis of acute kidney injury based on the Acute Kidney Injury Network (AKIN) criteria could be made in 22/26 athletes (85%) immediately after the race.
More recently, Mansour et al. studied 22 marathon runners (nine men and 12 women) before and after a marathon run [56] . Urinalysis, performed with a dipstick, revealed that blood (≥1+) was present in three (13.6%; p = 0.04 vs. pre-run), nine (40.1%) and four (18.1%; p = 0.68 vs. pre-run) before, immediately and 24 h after the marathon run.
Along with these studies, some additional cases of hematuria developing after running have been published [57] [58] [59] [60] [61] [62] , which substantially confirmed previous findings. Unlike running, studies which have addressed the issue of post-exercise hematuria in other sports are scarce, fragmentary and mostly limited to case reports. Nichols described a personal case of painless hematuria developing after a 30-km bumpy bicycle ride [63] . Cystoscopy and intravenous pyelography were both negative. Salcedo et al. described another case of a 13-year-old boy who developed microhematuria after riding a BMX bicycle for 4-5 h [64] . Algazy also described the case of a 58-year-old man who developed gross hematuria after spinning [65] . Cytologic studies along with cystoscopy, retrograde ureteroscopy, intravenous pyelography and computed tomography did not reveal reasonable causes. Then, Albersen et al. described the case of gross atraumatic hematuria in a 26-year-old man who was admitted to the emergency department after 30 min of mountain biking [66] . Cystoscopy revealed the presence of a hyperemic zone in the bladder mucosa, suggestive for injury caused by repeated contact of empty bladder wall against the bladder base.
A conference abstract has also been presented by LaSalle et al., reporting that nearly 30% of a group of 282 female cyclists developed some forms of perineal trauma, which was accompanied by hematuria in 19% of cases [67] . Interestingly, both the frequency and severity of hematuria were found to be associated with cycling distance.
Pathophysiology of exertional hematuria
The pathophysiology of exertional hematuria has not been completely clarified so far. Nevertheless, some interesting studies have been published, which may provide some reliable information on the possible sources of RBCs in urine (Figure 2 ). Blacklock studied 18 subjects who developed profuse hematuria after medium-distance running (i.e. 10 km or longer) [68] . In eight subjects (44.4%) in whom no upper tract lesions could be found, cystoscopy revealed the presence of bladder injuries, likely attributable to internal movement (up and down) of the organ. More specifically, limited bladder contusions characterized by loss of urothelium and presence of fibrin exudate could be observed within 48 h from the event, whose appearance would suggest a mechanism involving repeated impact of the posterior wall of the bladder against the base, especially with an empty or nearly empty bladder. Fred and Natelson carried out a similar study, involving 13 men who previously reported the onset of gross hematuria after running between 24 and 225 km per week [69] . Posterior urethra and urinary bladder neck were identified as the most likely sites of hemorrhage.
Additional causes were postulated, mostly depending on exercise duration and intensity, essentially encompassing renal injuries caused by internal movements, vascular spasm and ischemia, which would ultimately impair renal glomerular permeability and thus promoting the passage of RBC into the urine [70, 71] . Notably, the role of structural damages of the kidney as sources of post-exercise hematuria has been recently highlighted in the study of Mansour et al. [56] , who found that the values of a large number of injury and repair kidney biomarkers were substantially increased after completing a marathon, but then substantially decreased the day after the run. This finding confirms similar data previously reported by others [72] , and would support the hypothesis that short-term and probably transitory kidney injury may develop after sustained physical exercise and may hence account for exertional hematuria.
The first mechanism (i.e, internal renal trauma due to up and down movements of the kidneys) is rather intuitive. A very recent systematic literature review performed by Hodgson and colleagues revealed that severe acute kidney injuries may develop in same athletes as a direct consequence of repeated parenchymal insults during exercise [73] , thus enhancing glomerular permeability and favoring the passage of erythrocytes into the urine. In no case, however, were the acute kidney injuries found to progress toward chronic kidney disease. The role of the second mechanisms (i.e. vascular spasms) seems also reasonable. Renal vasoconstriction of glomerular arterioles is commonplace in endurance sports [74] , and is associated with decreased blood flow in the kidneys. This may trigger a possible increase of both renal filtration fraction and glomerular permeability, which would ultimately facilitate the transition of blood cells, including erythrocytes, into filtered urine [70] . A parallel mechanism involves renal ischemia. When physical exercise is so strenuous and/or prolonged to cause a dramatic decrease of blood supply to spiral arteries, renal ischemia may develop, which would hence be followed by erythrocytes transition into the calyces and then into the urine [75] . Interestingly, a role of acidosis has also been advocated, but its effective participation to enhancing glomerular permeability to erythrocytes remains unclear [70] . The propensity to develop exertional hematuria can then be worsened by some predisposing conditions, mainly represented by anatomic abnormalities such as the Nutcracker syndrome (i.e. compression of left renal vein between the abdominal aorta and the proximal superior mesenteric artery) [76] . Finally, occasional traumas of prostate and posterior urethra have described in cyclists [77] . Whether these alternative sources of hematuria are plausible or not remain to be elucidated, whereby even minimal prostate injuries in professional cyclists and cross-country skiers, for example, could not be demonstrated by others [78] . Besides the mentioned causes, it cannot be ruled out that cycling-related hematuria may also be the consequence of repeated perineal impacts on the saddle, especially in athletes performing bumpy or acrobatic rides.
Conclusions
Several lines of evidence now attest that the serendipitous discovery of asymptomatic hematuria is not rare in the general population. Although no objective causes can be found in a considerable number of cases, hematuria is occasionally the first symptom of genitourinary pathologies such as calculi, benign nephropathies, inflammatory diseases of urethra, bladder and prostate, benign prostatic hypertrophy, as well as of genitourinary cancers [79] . These conditions are clearly acknowledged by the vast majority of clinicians and laboratory professionals, whilst other "paraphysiologic" sources of hematuria are often neglected.
Running is indeed the most popular and practiced sports worldwide, with an estimated prevalence of 17% amateur and recreational runners in the general population, nearly 75% of whom run between 18 and 64 km per week and ~4% run over 90 km per week [80] . Hence, it is predictable that such a huge number of regular runners would develop a relatively high number of potential complications, including exertional hematuria. According to literature data, the frequency of this condition is characterized by enormous heterogeneity, depending on the athlete population, duration and intensity of exercise, technique used for identifying or quantifying hematuria and diagnostic thresholds. Nevertheless, what clearly emerges from our analysis of the scientific literature is that a certain degree of hematuria is commonplace after physical exercise, especially after running, and exhibits a trend of increased frequency paralleling longer distances (Table 1 ). This form of hematuria appears to be self-limiting and is attributable to many concomitant causes, involving organs of the genitourinary system, and mostly encompassing bladder or urethra injuries, and developing especially when exercising with an empty bladder. Renal injuries caused by internal movements, vascular spasm and ischemia are possible causes of increased glomerular permeability of erythrocytes and RBC transition into urine, whilst the presence of preexisting genitourinary diseases cannot be ruled out, especially when exertional hematuria is recurrent or persists. In patients with underlying diseases, exercise may also worsen asymptomatic or previously undetected microscopic hematuria. A paradigmatic example was published by Mueller and Thompson [81] , who described the cases of four patients in whom bladder malignancies were diagnosed after developing post-exercise hematuria. Notably, in three of these patients, hematuria was recurrent and persistent, thus was considerably differing from the typical self-limiting characteristics of exertional hematuria, which is mostly a self-limiting phenomenon.
Another important aspect to be considered is that physical exercise should now be considered as an important preanalytical variable, capable of influencing many laboratory tests [82] . Therefore, whenever hematuria is observed in a random urine specimen, sports performance (especially running) within the previous days before sample collection should be specifically inquired about and additional urinalyses should then be scheduled. When no temporal association of hematuria with exercise can be found, when genitourinary traumas have been excluded or hematuria persists for >72 h, specific diagnostic investigations should be planned as comprehensively described elsewhere by the AUA [1] , for assessing the possible presence of underlying disorders such as asymptomatic kidney stones, urinary tract infections, glomerular diseases or urological cancers. This holds especially true in patients with persistence and/or frequent recurrence of hematuria after physical effort. Additional considerations to plan further investigations should also be made in subjects >50 years of age and in those at higher risk of developing bladder or kidney cancers.
Importantly, the evidence that hematuria is more frequent and accentuated when exercising with an empty bladder, would then lead us to conclude that exertional hematuria could be prevented or mitigated by providing adequate fluid intake before and during exertion. 
